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ABSTRACT: The dinucleoside phosphodiester dTdA is a slow substrate of staphylococcal nuclease (kat = 
3.8 X s-l) that forms binary E-S and ternary E-M-S complexes with Ca2+, Mn2+, Co2+, and La3+. 
The enzyme enhances the paramagnetic effects of Co2+ on l/T1 and l/Tz of the phosphorus and on l/Tl 
of six proton resonances of dTdA, and these effects are abolished by binding of the competitive inhibitor 
3’,5’-pdTp. From paramagnetic effects of Co2+ on l/Tz of phosphorus, kOff of dTdA from the ternary 
E-Co*+-dTdA complex is 24.8 X lo4 s-l and k,, 1 1.4 X lo6 M-’ s-l, indicating the 1/T, values to be in 
fast exchange. From paramagnetic effects of enzyme-bound Co2+ on 1 / T I  of phosphorus and protons, with 
use of a correlation time of 1.6 ps on the basis of 1 / Tl values at 250 and 600 MHz, 7 metal-nucleus distances 
and 9 lower-limit metal-nucleus distances are calculated. The long Co2+ to 31P distance of 4.1 f 0.9 A, 
which is intermediate between that expected for direct phosphoryl coordination (3.31 f 0.02 A) and a second 
sphere complex with an intervening water ligand (4.75 f 0.02 A), suggests either a distorted inner sphere 
complex or the rapid averaging of 18% inner sphere and 82% second sphere complexes and may explain 
the reduced catalytic activity with small dinucleotide substrates. Seventeen interproton distances and 108 
lower limit interproton distances in dTdA in the ternary E-La3+-dTdA complex were determined by NOESY 
spectra at  50-, loo-, and 200-ms mixing times. While metalsubstrate and interproton distances alone did 
not yield a unique structure, the combination of both sets of distances yielded a very narrow range of 
conformations for enzyme-bound dTdA, which was highly extended, with no base stacking, with high-anti 
glycosidic torsional angles for dT  (64’ I x I 73’) and dA ( 6 6 O  I x I 6 8 O )  and predominantly C-2’-endo 
sugar puckers for both nucleosides. Although the individual nucleosides are like those of B-DNA, their 
unstacked conformation, which is inappropriate for base pairing, as well as the conformational angles a 
and y of dA and of dT, rule out B-DNA. Similarly, A- and Z-conformations are easily ruled out, providing 
a structural explanation of the preference of the enzyme for single-stranded DNA as substrate. While not 
uniquely determined by interproton distances alone, the conformation of dTdA in the binary enzyme-dTdA 
complex differs significantly from that found in the ternary enzyme-metal4TdA complex. These differences 
were manifested directly by differing distances from TH1, to TH4,, TH6 to TH2,,, AH,, to AH,,, and AH8 
to AH3,, as well as by differing values of the conformational angles ( and a on either side of the phosphorus 
of the reaction center phosphodiester, which is coordinated by the metal, and by differing values of the 
conformational angles y, 6, and x for the leaving deoxyadenosyl group. These results indicate that the metal 
induces conformation changes both at the attacked phosphorus and at  the leaving group of the enzyme-bound 
substrate, which may contribute to catalysis. 

Staphylococcal nuclease (EC 3.1.4.7.) is an extracellular 
phosphodiesterase that is activated by CaZ+ ions to hydrolyze 
phosphodiester bonds of DNA and RNA yielding 3’-mono- 
nucleotides (Tucker et al., 1979). A chemical mechanism 
based on the high-resolution X-ray structure of the ternary 
enzyme-Ca2+-3’,5’-pdTp complex (Cotton et al., 1979; Loll 
& Lattman, 1989), extensive kinetic studies with intact and 
semisynthetic enzymes (Anfinsen et al., 1971; Chaiken & 
Sanchez, 1972), and kinetic and magnetic resonance studies 
of a large series of active site mutants (Serpersu et al., 1986, 
1987, 1988, 1989; Hibler et al., 1987; Weber et al., 
1990b,1991) is shown in Figure 1. In this mechanism, the 
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essential Ca2+ activator is bound in a septacoordinate complex 
(Loll & Lattman, 1989) receiving three cis ligands from 
Asp-21, Asp-40, and the amide carbonyl group of Thr-41 of 
the enzyme as well as the 5’-phosphate of the competitive 
inhibitor 3’,5’-pdTp. The remaining three ligands are probably 
water molecules. The attacking water molecule is thought to 
be near Ca*+, either in direct coordination or in the second 
sphere and also near Glu-43 to permit its carboxylate group 
to function as a general base (Hibler et al., 1987; Serpersu 
et al., 1989). Upon nucleophilic attack, the phosphodiester 
of the substrate is converted to the trigonal-bipyrimidal 
transition state, stabilized by Arg-87 (Serpersu et al., 1987; 
Weber et al., 1990b), which also acts as the general acid to 
protonate the 5’-oxygen of the leaving nucleoside. Although 
the optimum substrate is denatured, single-stranded DNA, 
staphylococcal nuclease also hydrolyzes native DNA, RNA, 
polynucleotides, and dinucleotides, as well as chromophoric 
phosphodiester substrates at decreased rates (Cuatrecasas et 
al., 1967a, 1969; Mikulski et al., 1969). 

Little is known about the conformation or interactions of 
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system and purification to homogeneity were performed as 
described previously (Shortle & Meeker, 1989). 

Methods 
Enzyme Assay. The enzymatic activity of wild-type sta- 

phylococcal nuclease was measured before and after all NMR 
experiments by observing the absorbance increase at 260 nm 
as DNA is hydrolyzed (Cuatrecasas et al., 1967a,b). Protein 
concentrations were determined by the absorbance at 280 nm 
(,O.l% = 0.93) at neutral pH (Dunn et al., 1973; Tucker et al., 
1978, 1979) or, in the presence of nucleotides, by the method 
of Bradford (1976) with wild-type staphylococcal nuclease of 
known concentrations as the standard. The specific activity 
of the purified enzyme was found to be 2200 unitslmg, and 
the enzyme retained at least 87% of its activity after prolonged 
NMR studies. 

The activity of dTdA as a substrate of staphylococcal nu- 
clease was determined by incubating enzyme (278 pM), CaC12 
(37 mM), and dTdA (3.8 mM) in Tris-HC1, pH 7.4, for 3 h 
at 22 OC. Aliquots (2A) of the solution were then applied to 
poly(ethy1eneimine) cellulose thin-layer chromatography sheets 
impregnated with a fluorescent indicator (Brinkmann In- 
struments, Inc.). The product (50 f 10%) was observed to 
separate from the unreacted substrate (50 f 10%) with a 0.3 
M LiClz solution as the mobile phase. 

Binding Studies. The concentration of free Mn2+ in a 
mixture of free and bound Mn2+ was determined by electron 
paramagnetic resonance (Cohn & Townsend, 1954) with a 
Varian E4 EPR spectrometer. These data were supplemented 
by studies of bound Mn2+ in the same solutions by measuring 
the longitudinal relaxation rates of water protons at 24.3 MHz 
as described previously (Mildvan & Engle, 1972) with use of 
a Seimco pulsed NMR spectrometer and a 18Oo-r-9O0 pulse 
sequence (Carr & Purcell, 1954; Mildvan & Engle, 1972). 
The observed enhancement of the longitudinal relaxation rate 
is defined as e *  = (l /Tlp*)/(l /Tlp),  where l /T lp  is the 
paramagnetic contribution to the relaxation rate in the pres- 
ence (*) and absence of the enzyme (Mildvan & Engle, 1972). 
The stoichiometry of Mn2+ ions bound to the wild-type enzyme 
( n ) ,  the dissociation constant &), and the enhancement of 
the binary complex (eb) were previously reported as were the 
dissociation constants of the binary enzyme-Ca2+ and en- 
zyme-Co2+ complexes by competition with Mn2+ (Serpersu 
et al., 1986, 1989). In this study, titrations of the binary 
enzyme-Mn2+ complex with dTdA were carried out and an- 
alyzed as previously described (Reed et al., 1970; Mildvan & 
Engle, 1972) to yield dissociation constants and enhancement 
factors of ternary enzyme-Mn2+-dTdA complexes. In ad- 
dition, the binding of Mn2+ to the enzyme-dTdA complex was 
monitored by EPR and also by changes in TIP of water protons, 
thereby providing the dissociation constant of Mn2+ from 
ternary enzyme-Mn2+-dTdA complexes. 

The dissociation constants of Ca2+, Co2+, and La" from 
their binary and ternary enzyme complexes were determined 
by competition with Mn2+, by monitoring the bound Mn2+ by 
T I P  and the free Mn2+ by EPR, and the data were analyzed 
as previously described (Serpersu et al., 1986; Weber et al., 
1990b, 1991). 
31P Relaxation Rate Measurements of dTdA. To determine 

the paramagnetic effects of enzyme-bound Co2+ on the re- 
laxation rates of the phosphorus nucleus of dTdA bound to 
wild-type staphylococcal nuclease, 2.0-mL samples were 
prepared that contained 10 mM TES, pH 7.4, 30 mM NaC1, 
20% 2H20  for field/frequency locking, and either 0.607 mM 
wild-type staphylococcal nuclease with 4.66 mM dTdA or 
0.300 mM enzyme with 3.15 mM dTdA. The solutions were 
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FIGURE 1 : Mechanism of staphylococcal nuclease based on the 1.5-8, 
X-ray structure (Cotton et al., 1979), kinetic studies (Anfinsen et al., 
1971), and studies of active site mutants (Serpersu et al., 1987, 1988, 
1989; Hibler et al., 1987; Weber et al., 1990b, 1991) showing an 
additional water ligand on Ca2+, as found in the refined X-ray structure 
(Loll & Lattman, 1989). 

the enzyme-bound substrates. The conformation of the en- 
zyme-bound inhibitor 3',5'-pdTp determined by X-ray (Cotton 
et al., 1979; Loll & Lattman, 1989) differs significantly from 
that found in solution by NMR probably due to distortion of 
pdTp in the crystalline state by Lys-70 and Lys-71 from a 
neighboring enzyme molecule in the crystal lattice (Mildvan 
& Serpersu, 1989; Loll & Lattman, 1989; Serpersu et al., 
1989). Moreover, although 3',5'-pdTp occupies a portion of 
the substrate binding site in solution as shown by simple 
competition both in kinetic and in binding studies (Cuatrecasas 
et al., 1967b,c) the inhibitor interacts with the enzyme in a 
way different from the way authentic substrates do, as shown 
by differing effects of active site mutations on the affinity of 
the enzyme-Ca2+ complex for pdTp and substrates (Weber 
et al., 1990b, 1991). 

The present paper reports for the first time the conformation 
of an enzyme-bound substrate on staphylococcal nuclease. The 
conformation of the simplest substrate, dTdA, was studied both 
in binary E-S and in ternary E-M-S complexes, on the basis 
of metal-substrate distances and interproton distances de- 
termined in solution by NMR methods. Interestingly, the 
conformation of enzyme-bound dTdA is found to be extended 
and unstacked, differing significantly from A-, B-, or Z-DNA, 
thus providing a structural explanation of the preference of 
staphylococcal nuclease for denatured single-stranded DNA. 
The presence of the metal significantly alters the conformation 
of the enzyme-bound substrate, both at the attacked phos- 
phorus and at the leaving group, facilitating catalysis. A 
preliminary report of this work has been published (Weber 
et al., 1990a). 

MATERIALS AND METHODS 

Materials 
Solutions of nucleotides 3',5'-pdTp and dTdA (Pharmacia) 

were prepared, and their concentrations were determined with 
use of the extinction coefficients (ezao) of 9600 and 24600 M-' 
cm-', respectively. Before use, buffer and nucleotide solutions 
were passed over Chelex 100 resin (Bio-Rad) to remove trace 
metals. Highly polymerized salmon sperm DNA was pur- 
chased from Sigma, and all DNA used in the enzyme assay 
was denatured by boiling for 30 min followed by rapid cooling 
on ice and passage over Chelex 100 (Cuatrecasas et al., 1967a). 
Isolation of wild-type staphylococcal nuclease from an engi- 
neered strain of Escherichia coli that carries the A expression 
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Table I:  Dissociation Constants (in Micromolar Concentrations) and Enhancement Factors in Binary and Ternary Enzyme-Metal, 
Enzvme-dTdA. and Enzyme-Metal-dTdA Complexes of Wild-Type Staphylococcal Nuclease” 

cation KD 4’ KS K3 K2 
Mn2+ 438 f 22b*‘ 590 i 58‘ 5390 f 504 7260 i 860 14.1 f 4.0 
Ca2+ 510 i 70b 1780 i 150 5390 f 504 18810 f 3140 42.6 i 9.0 
co2+ 392 i 63 2430 f 70 5390 f 504 33 340 f 6250 58.1 f 14 
La3+ 152 i 15 129 f 33 5390 f 504 4574 f 1310 3.09 f 1.0 

“The dissociation constants of the ternary and of the relevant binary complexes of enzyme (E), metal (M), and ligands (L) are defined as follows 
(Mildvan & Cohn, 1966): K ,  = [M]][L]/[M-L]; KD = [E][M]/[E-MI; K2 = [E][M-L]/[E-M-L]; K,‘ = [E-L][M]/[E-M-L]; K3 = [E-MI- 
[L]/[E-M-L]; Ks = [E][L]/[E-L]. Note that K I K 2  = K3KD = KA’Ks. For dTdA, K ,  = 0.225 M is estimated on the basis of measurements of 
Mn2+-ApU (Bean et al., 1977). *The stoichiometry for Mn2+ binding in the binary E-Mn2+ complex is 0.98 f 0.06 (Serpersu et al., 1986). ‘The 
value is an average of titrations measuring EPR and l /T ,p  of water protons. The stoichiometry for Mn2+ binding in the ternary E-Mn2+dTdA 
complex is 0.95 f 0.12. 

then titrated with CoCl2, and the increases in the longitudinal 
( l /T , )  and transverse ( l /T2)  relaxation rates of the phos- 
phorus resonance of dTdA were measured. Following the 
titration with CoCl,, dTdA was displaced from the ternary 
enzyme-Co2+-dTdA complex by the potent competitive in- 
hibitor 3’,5’-pdTp, permitting measurement of the residual 
outer sphere effects on l /TI and 1/T2 of dTdA. 

31P NMR spectra were obtained at 101.25 MHz as previ- 
ously described, using 12-bit analog to digital conversion, 
collecting 16K data points over a spectral width of 5000 Hz 
with an acquisition time of 1.638 s. Routine spectra were 
acquired by collecting 16 transients, with an 18-s delay to 
obtain fully relaxed spectra (>5 T,). The longitudinal re- 
laxation rates ( l /T l )  of the 31P resonance were measured by 
the nonselective saturation-recovery method, which permitted 
shorter recycle times. Transverse relaxation rates (1 / T2) were 
determined from the widths of resonances at half-height 
(Aul12) ,  where 1/T2 = .rrAul12. 

The paramagnetic effects on dTdA were analyzed by 
plotting the increases in the relaxation rates as a function of 
Co2+ concentration. Subtracting the residual outer sphere 
effect measured after displacing dTdA with 3’,5’-pdTp yielded 
the observed 1 /TIP. 

The relaxation rates of dTdA resulting from Co2+ bound 
in the ternary complex were then calculated and also corrected 
by subtraction of the small paramagnetic effects in the residual 
binary Co2+-dTdA complex that was also present, by utilizing 

( l/fTIP)corr to solve for (1 /jTIP)corr. In this equation, MS, 
EMS, and ST are the concentrations of the binary metal- 
substrate complex, the ternary enzyme-metalsubstrate com- 
plex, and the total substrate, respectively. The substrate dTdA 
alone was titrated with Co2+, and the increase in l /T1  of the 
phosphorus resonance of dTdA was measured to obtain (1 / 

fTIp)b,  the relaxation rate of the binary Co2+-dTdA complex. 
The concentrations of Co2+-dTdA and of enzyme-Co2+-dTdA 
were computed by use of the measured dissociation constants 
for the relevant binary and ternary complexes (Table I). 

Proton Relaxation Rate Measurements of dTdA. To de- 
termine the paramagnetic effects of enzyme-bound Co2+ on 
the relaxation rates of the proton resonances of dTdA bound 
to wild-type staphylococcal nuclease, 0.5-mL samples were 
initially prepared in H 2 0  containing 1.3 mM deuterated 
Tris-HC1, pH 7.4, 40.0 mM NaC1, 15.0 mM dTdA, and 1.0 
mM wild-type staphylococcal nuclease. The samples were 
deuterated by lyophilization twice and the addition of 2H20, 
and the measured pH was adjusted to 7.0 (pD = 7.4) with 
2HCl or Na02H. The resulting solutions were titrated with 
CoCI2, and the increases in the longitudinal (I/T,)  and 
transverse (1 / T2) relaxation rates of the proton resonances of 
dTdA were measured. These data were corrected for outer 
sphere relaxation and were analyzed as described above for 
phosphorus to obtain (1 /fTIp)co,, and (1 /fT2P)corr. The cor- 

the equation (1 / TIP)obs = (MS/ST)(1 / fTIP)b + (EMS/%)- 

relation time T~ for the electron nuclear dipolar interaction in 
the ternary enzyme-Co2+-dTdA complex was determined by 
measuring the frequency dependence of ( l/jTlp)m of the AH8 
proton of dTdA at both 250 and 600 MHz. Evaluation of T~ 
from the frequency-dependent 1 /Pip values was done as 
described earlier (Mildvan & Gupta 1978; Mildvan et al., 
1979; Serpersu et al., 1989). 

Proton NMR spectra at 250 or 600 MHz were obtained on 
Bruker AM250 and AM600 NMR spectrometers by collecting 
16K data points over a spectral width of 2994 or 8064 Hz for 
acquisition times of 2.74 or 2.03 s, respectively. Fully relaxed 
spectra were obtained with an 18-s delay (>5 TI), and 16 
transients were acquired for all spectra. The longitudinal 
relaxation rates (1 /TI) of the proton resonances were measured 
by the nonselective saturation-recovery method, and the 
transverse relaxation rates (1 / T2) were derived from the widths 
of the resonances at half-height, as described for the 
studies. All proton chemical shifts are reported with respect 
to external DSS. 

Two-Dimensional NOE Experiments. To determine in- 
terproton distances on enzyme-bound dTdA, NOESY spectra 
(Jeener et al., 1979; Kumar et al., 1980) were acquired at 600 
MHz. The samples contained either 5.1 1 mM staphylococcal 
nuclease, 6.45 mM dTdA, 37.3 mM NaC1,0.053 mM EGTA, 
and 2.24 mM Tris-DC1-dl,, pD 7.4, in a total volume of 0.52 
mL or 4.80 mM staphylococcal nuclease, 4.15 mM LaC13, 8.95 
mM dTdA, 35.0 mM NaCl, 0.05 mM EGTA, and 2.2 mM 
Tris-DC1-d,,, pD 7.4, in a total volume of 0.544 mL. Samples 
were examined with use of three mixing times, 50, 100, and 
200 ms, and the mixing times were varied randomly up to 
*lo% to eliminate COSY cross-peaks. All spectra were ac- 
quired in the phase-sensitive mode with use of time-propor- 
tional phase incrementation (TPPI) (Marion & Wiithrich, 
1983). Optimization of receiver phase was performed to re- 
duce base-line roll and to minimize phase correction in F2. 
The parameters for acquisition of NOESY spectra included 
a 1 -0-s relaxation delay, a 0.254-s acquisition time, an 8064-Hz 
sweep width, 4096 time domain data points in F2, 1024 time 
domain points in F1, and a filter width of 20000 Hz. 

Two-dimensional NOESY data were processed both on an 
Aspect 3000 computer, with Bruker software, and on a Per- 
sonal IRIS (Silicon Graphics, Inc.), utilizing the software 
FELIX (Hare, Inc.), with no significant differences. NMR 
data processed by Bruker software were multiplied by a .rr/ 
3-shifted squared sine-bell prior to Fourier transformation in 
F2. Linear base-line correction in F2 was done in all cases 
throughout the entire spectrum, and in some slices, higher 
order correction was required to eliminate base-line roll. The 
F1 direction was Fourier transformed with zero filling to 2K 
points. Since volume integration capabilities were not yet 
available on the Bruker software, optimal slices containing 
dTdA cross-peaks were plotted, and the areas of the peaks were 
integrated by cutting and weighing after correcting for scaling 
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factors. The peak areas were analyzed by utilizing both an 
initial slope method (Wiithrich, 1986; Baleja et al., 1990) and 
a distance extrapolation method (Baleja et al., 1990) and 
compared with the reference distance (HI,  - H2,, = 2.37 A) 
to obtain interproton distances. 

For volume integration of NOESY cross-peaks, the NMR 
data were processed by the program FELIX (Hare Research, 
Inc.) multiplying the free induction decays by a r/Zshifted 
squared sine-bell, Fourier transforming in F2, and base-line 
correcting, utilizing first to sixth order polynomal base-line 
corrections in F2. The F1 direction was Fourier transformed 
with zero filling to 2K points and in some cases base-line 
corrected in a manner similar to that with the F2 data. 
Volume integration of the dTdA peaks was achieved by first 
analyzing the noise around the peak of interest. If the noise 
arcund that peak was determined to give positive and negative 
values of equal magnitude, the data were deemed reliable, and 
the peak of interest was analyzed with use of the program 
FELIX. If, however, the noise measured was not a random 
distribution of positive and negative values of equal magnitude, 
then the spectrum required reprocessing with particular at- 
tention given to the problematic region of the spectrum during 
base-line correction. Once a reliable set of volume integrals 
were obtained, the volume data were computed, and both 
volume integrals for each NOE were averaged (Andersen et 
al., 1989) and were further analyzed as described above for 
the peak areas, to give interproton distances. In almost all 
cases, no significant differences in interproton distances were 
obtained by measuring peak areas or peak volumes, as pre- 
viously noted (Rosevear & Mildvan, 1989). 

Modeling Studies. The conformation of enzyme-bound 
dTdA was initially explored by building skeletal models and 
adjusting them to accommodate measured distances, bond 
distances, and van der Waals radii. When only metal to 
phosphorus and metal to proton distances were utilized, four 
alternative structures for enzyme-bound dTdA could be built, 
two with the metal ion above the nucleotide and two with the 
metal ion below the nucleotide. It was found that only one 
of these four alternative conformations obtained from the 
metal-nucleotide distances could also accommodate the in- 
terproton distances determined by the NOE' method. 

To independently determine the range of conformations of 
dTdA consistent with all of the measured distances and their 
errors, a computer search procedure, D-Space, was used (Hare 
Research, Inc.). In this approach, atomic coordinates of dTdA 
were initially randomized by 20-A movements of atoms in all 
directions, followed by annealing in 4-dimensional space (to 
avoid local minima), minimizing deviations from all input 
distances. In a typical search, 40 structures for enzyme-bound 
dTdA were explored. A small subset of these 40 structures 
was judged to be acceptable on the basis of their consistency 
with all covalent constraints, van der Waals constraints, angle 
constraints, and the measured distances within their experi- 
mental errors. 

RESULTS AND DISCUSSION 
Activity of dTdA as a Substrate for Staphylococcal Nu- 

clease. Small phosphodiester molecules, including short oli- 
gonucleotides and dinucleotides, are known to be substrates 
of staphylococcal nuclease but to manifest low activity in 
comparison with denatured DNA (Tucker et al., 1978; SUI- 
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I Abbreviations: NOE, nuclear Overhauser effect; PEI, poly(ethy1- 
enimine); DSS, sodium 4.4-dimethyl-4-silapntane-1 -sulfonate; EDTA, 
ethylenediaminetetraacetic acid; Tris-HCI, tris(hydroxymethy1)amino- 
methane hydrochloride 
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FIGURE 2: Mn2+ and dTdA binding by staphylococcal nuclease. (A) 
Scatchard plot of a titration of wild-type staphylococcal nuclease with 
Mn2+ in the presence of dTdA. The solution contained 0.670 mM 
wild-type staphylococcal nuclease and 7.88 mM dTdA. The dashed 
line is the line for a binary titration of Mn2+ with wild-type enzyme 
(Serpersu et al., 1986). (B) Titration of the enzyme-Mn*+ binary 
complex with dTdA, measuring the changes in enhancement C *  of 
the paramagnetic effects of Mn2+ on l/TIP of water protons. The 
solution contained 547.5 pM wild-type enzyme with 274.1 pM MnCI2. 
The nucleotide was added from concentrated stock solution, which 
also contained all other components of the titration at the same 
concentrations. The solid curve is computed, frdm the parameters 
given in Table I. 

kowski & Laskowski, 1970; Mikulski et al., 1969; Dunn & 
Chaiken, 1975). Thus, the rates of hydrolysis previously re- 
ported for 1.2 mM dTdT, dCdC, and dGdG are 35.2, 1.9, and 
0.19 h-l, respectively at 37 OC, pH 9.0. In accord with these 
observations, dTdA (3.8 mM) was found, under our experi- 
mental conditions, to be hydrolyzed at a rate of 2.3 h-l in the 
presence of nuclease (278 pM), CaC12 (37 mM), and 40 mM 
Tris-HC1 buffer, pH 7.4, at  22 OC. The measured rate for 
hydrolysis of dTdA may be corrected to a V , ,  of 13.7 h-I (or 
3.8 X s-') on the basis of the measured dissociation 
constant (K3)  of dTdA from the enzyme-Ca*+ complex of 18.8 
mM (vide infra). Although (2.5 X 104)-fold lower than V , ,  
with single-stranded DNA (Serpersu et al., 1986), V,,, of 
staphylococcal nuclease with dTdA is a factor of - 1 011.6 above 
the uncatalyzed rate, indicating a high catalytic power. 

Thermodynamic Properties of Staphylococcal Nuclease- 
Metal-dTdA Complexes. The dissociation constants of the 
complexes studied by NMR were needed to permit quantitative 
interpretation of the relaxation rates of bound dTdA. The 
dissociation constants of Ca2+, Co2+, and La3+ from their 
respective binary and ternary enzyme-metal4TdA complexes 
were determined by competition with Mn2+, the complexes of 
which are easily monitored by both EPR and l /Tlp of water 
protons (Serpersu et al., 1986). 

( A )  Titration of Enzyme-dTdA with Mn2+. To determine 
KA', the dissociation constant of Mn2+ from the ternary en- 
zyme-Mn2+4TdA complex, nuclease was titrated with Mn2+ 
in the presence of dTdA, measuring the free Mn2+ concen- 
tration by EPR and the enhancement of the effect of bound 
Mn2+ on l / T I P  of water protons. Scatchard plots of both the 
EPR data (Figure 2A) and the ] / T I P  data (not shown) yielded 
0.95 f 0.12 tight binding sites for Mn2+ with an average KA' 
value of 590 f 58 pM by the two methods (Table I). 

Unlike the presence of the inhibitor 3',5'-pdTp or the sub- 
strate 5'-pdTdA, both of which significantly raise the affinity 
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nucleus 8* ( P P d  I / fr lP .wrrb (s-9 f (A) nucleus 8" ( P P d  l/fr,P,wrrb f (4 
AHn 8.33 647 f 105 4.3 0.90 THA 7.28 13.2 f 11.4 8.2 f 1.7 
AH; 8.18 8.0 7.1 8.9 f 1.8 TCH3 1.83 5 5 3  25.1 
AH,, 6.36 1 6  1 25.0 THlr 5.95 5 5 3  15 .2  
AH2, 2.80 5121 24.4 TH21 1.66 554 2 5 . 1  
AH 2" 2.54 5164 24.2 TH2u 2.20 154  25 .1  
AH4t 4.14 50 f 7.9 6.6 f 1.4 THy 4.60 58 f 14 6.4 f 1.30 
AH5,,5n 4.06 146  25.2 THy 4.01 79 f 14 6.1 f 1.20 
P 0.33 126.1 f 5.e 4.1 f 0.86 TH5,,5,* 3.63 5106 24.6 

a fO.02 ppm from external DSS (protons) or from 85% H3P04 in 20% 2 H 2 0  (phosphorus). l / f l l p  values were obtained as described in the text. 
CDistances were calculated as described in the text. The iC was determined as 1.6 ps as determined by the frequency dependence of l/fr,p,wm of AH8 
(Figure 5B). Errors in r include contributions from errors in l / fr lp  and T, and on the assumption that the C values used have a g value for high-spin 
Co2+ of 4 2. The C values used are 895 f 125 for Co2+-proton distances and 662 f 93 for Co2+-"P interactions. Errors are shown in the absolute 
distances, which include a 14% contribution due to the anisotropic g values of Co2+ and a 5 7 %  contribution due to experimental errors in mea- 
surements of l /PIP, T,, and the thermodynamic parameters. If the g tensor of Co2+ were the same in all of the complexes, the errors in the relative 
distances would be 5-7%. 1/T2 values were calculated as rAuIl2.  The (1/fr2p)mm is 48 103 * 6100 (Figure 6) as determined by a least-squares fit 
of 1/T2 vs [Co2+] and is corrected for binary dTdA-Co2+ contributions as for (l/jTlp)wm. Since 1/fT2p,cp" >> l/frlP,mm fast substrate exchange 
assumptions are valid, eliminating T,,,, the lifetime of the complex, from the Solomon-Bloembergen equation for ( I/frlp)wrr (Solomon & Bloem- 
bergen, 1956; Mildvan & Engle, 1972). 

of Mn2+ for wild-type enzyme (Serpersu et al., 1986, 1987, 
1989; Weber et al., 1990b, 1991), the presence of dTdA 
slightly lowers the affinity for Mn2+ as illustrated by a com- 
parison of KD and KA' values (Table 11, Figure 2A). The 
difference in binding between dTdA and 3',5'-pdTp or 5'- 
pdTdA is probably due to the absence of a terminal phosphate 
group on dTdA, which in the case of 3',5'-pdTp and possibly 
of 5'-pdTdA coordinates the metal. 

(B)  Displacement of Mn2+ by Ca2+, Coz+, and La3+ in 
Binary and Ternary Complexes of Staphylococcal Nuclease. 
The dissociation constant of the binary staphylococcal nu- 
clease-Mn2+ complex has previously been found to be 438 f 
22 pM by EPR and by l /T lp  of water protons (Serpersu et 
al., 1986). Titrations of binary enzyme-Mn2+ complexes with 
Coz+ and La3+ and of ternary enzyme-MnZ+4TdA complexes 
with Ca2+, Co2+, and La3+ were carried out by measuring the 
decrease in l /Tlp of water protons (Figure 3) resulting from 
the displacement of Mn2+ by the competing metal, as inde- 
pendently observed by EPR. The results of such titrations with 
Coz+, Ca2+, and La3+ indicate (Figure 3, Table I) that in all 
cases the metal ions compete for a single common site in both 
binary and ternary complexes as previously found for other 
nuclease complexes of Ca2+, Mn2+, and Coz+ (Serpersu et al., 
1986, 1987, 1989). The affinities for metal ion binding in the 
binary enzyme-metal complexes are quite similar, varying only 
3.3-fold from the weakest Caz+-enzyme complex to the 
strongest La3+-enzyme complex. However, the dissociation 
constants of metal ions from the ternary enzyme-metal-dTdA 
complexes differ significantly, varying by as much as 18.8-fold 
in affinity, when the ternary complexes with La3+ and Co2+ 
are compared (Table I). 

The catalytically active enzyme-Ca2+-dTdA complex was 
shown to bind Ca2+ 13.8-fold weaker than La3+ when the 
respective KA' values are compared (Table 11, Figure 3). 
During the course of these titrations with Ca2+, less than 5% 
of the dTdA was hydrolyzed, as determined by thin-layer 
chromatography. 

(C) Titration of Enzyme-MnZ+ with dTdA. To determine 
K3, the dissociation constant of dTdA from the ternary en- 
zyme-Mn2+4TdA complex, solutions of enzyme and Mn2+ 
were titrated with dTdA and changes in enhancement ( E * )  of 
1/TIp of water protons (Serpersu et al., 1986; Mildvan & 
Engle, 1972) were measured. Such titrations, fit by computed 
curves (Figure 2B), yielded average K3 values for dTdA given 
in Table I .  The computer fitting of the nucleotide titrations 
also required values for K,, the dissociation constant of the 
binary enzyme nucleotide complex. Although determined 

E" 

E" 

t 

I I 1 I L 
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FIGURE 3: Displacement of Mn2+ by Ca2+, co2+, or La3+ from binary 
and ternary complexes of staphylococcal nuclease monitored by 
changes in enhancement (e*) of the effects of Mn2+ on 1 /TI of water 
protons. A) Displacement of Mn2+ by Ca2+ (0) from ternary en- 
zyme-MA+-dTdA complex and displacement of Mn2+ by Co2+ from 
binary enzyme-Mn2+ (A) and ternary enzyme-Mn2+-dTdA complex 
(A) of wild-type staphylococcal nuclease. The solutions contained 
277.5 p M  wild-type enzyme with 112.7 p M  MnCI2 and 3.81 mM 
dTdA (O) ,  246.4 p M  wild-type enzyme and 178.3 p M  MnCI2 (A), 
and 670 p M  wild-type enzyme with 237.3 p M  MnC12 and 7.85 mM 
dTdA (A). (B) Displacement of Mn2+ by La3+ from binary (+) and 
ternary enzyme-Mn2+-dTdA (0) complexes of wild-type staphylo- 
coccal nuclease. The solutions contained 196.4 pM enzyme with 86.0 
pM MnC12 and 2.26 mM dTdA (0) and 261.9 p M  enzyme and 129 
pM MnC12 (+). In the Co2+ titrations the solutions contained 40 mM 
TES-Na+, pH 7.4, and in all other titrations solutions contained 40 
mM Tris-HCI, pH 7.4. For all titrations the competing metal ion 
(Co2+, Ca2+, or La3+) was added from concentrated stock solutions 
that also had the other components of the titration a t  the same final 
concentrations. In both (A) and (B), the data points are shown 
together with best-fit Kapp curves. The relationship K = Kapp/( 1 + 
[Mn2+]/KMnz+) is utilized where K is the calculated dissociation 
constant for Ca2+, Co2+, or La3+ from the binary or ternary complex 
and K'"" is the reviously measured binary or ternary dissociation 
constant for Mnp+ from a binary or ternary complex (Weber et al., 
1990b; 1991; Serpersu et al., 1986). 

indirectly by such analysis, the resulting K, value (5390 f 504 
pM) was consistent with data from titrations at three MnZ+ 
concentrations ranging from 182.8 to 274.1 MM at a constant 
enzyme concentration (574 pM). By comparing K3 and K,, 
the binding of dTdA is shown to be weakened in the presence 
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FIGURE 4: 31P and 'H NMR spectra of dTdA in the absence and 
presence of staphylococcal nuclease utilized for Co2+ titrations. (A) 
250-MHz proton and (inset) 101.25-MHz phosphorus NMR spectrum 
in the absence and (B) in the presence of wild-type staphylococcal 
nuclease. The samples (0.5 mL) utilized for collecting proton data 
were prepared in D20 that contained 1.3 mM deuterated Tris-DCI, 
pH 7.0 (pD = 7.4), 40 mM NaC1, and 15.0 mM dTdA in the (A) 
absence and (B) presence of 1 .O mM wild-type staphylococcal nuclease, 
T = 25 OC. The samples (2.0 mL) utilized for collecting phosphorus 
data were prepared in 20% 2H20 for field/frequency locking, 10 mM 
TES, pD 7.4,30 mM NaCI, and 4.66 mM dTdA in the (A) absence 
and (B) presence of 0.607 mM wild-type staphylococcal nuclease, 
T = 25 OC. The peaks marked X are present in spectra of enzyme 
alone. 

of metal ion, a finding consistent with the weakening of Mn2+ 
binding to the enzyme by dTdA. 

Paramagnetic Effects of Enzyme-Bound Co2+ on Relaxa- 
tion Rates of Proton and Phosphorus Resonances of dTdA. 
( A )  Proton NMR Studies. The 'H NMR spectrum of dTdA 
at 250 MHz was assigned (Table 11) in the absence of enzyme 
(Figure 4A) by utilizing standard proton decoupling, 1-D 
NOE, and 2-D NOE methodology. To unequivocally locate 
the resonances of dTdA in the presence of enzyme (Figure 4B), 
the spectrum of enzyme alone was subtracted from that of the 
enzyme-dTdA mixture (not shown) and assigned from 
chemical shifts relative to DSS and coupling patterns. Two- 
dimensional NOE data in the presence of the enzyme con- 
firmed these assignments (vide infra). 

Titrations with CoClz measuring the l/T1 of the proton 
resonances of dTdA in the absence or presence of wild-type 

0.0 02 0.4 0.6 0.8 0 2.0 
[Co2'] (mM) [3'5'pdTp] (mM) 

FIGURE 5: Paramagnetic effects of Co2+ on proton resonanm of dTdA 
at 250 MHz and the frequency dependence of the effect on the AH8 
proton, at 250 and 600 MHz. (A) 1 /TI of proton resonances of dTdA 
vs [Co2+], corrected for the outer sphere contribution by displacement 
of dTdA from the enzyme by the competitive inhibitor 3',5'-pdTp for 
the protons (0) TH3,, ( 0 )  TH4,, (V) TH6, (A) AH4., and (0) AH2 
of dTdA. (B) Frequency dependence of the paramagnetic effects of 
Cd+ ions on the AH8 proton of dTdA at 250 MHz (0) and 600 MHz 
(0). The solutions contained 1.0 mM wild-type enzyme, 15.0 mM 
dTdA, 40.0 mM NaCI, and 1.26 mM deuterated Tris-DC1, pD 7.4, 
25 "C. Displacement of dTdA from the enzyme was with 3',5'-pdTp 
to a final concentration of 0.91 mM. 

staphylococcal nuclease indicate that the enzyme enhances the 
paramagnetic effects of Co2+ on 1 /TI  of the deoxyadenosine 
protons of dTdA, AHs, AH4,, and AH2 (Figure 5A,B), and 
the thymidine protons TH4,, TH,,, and TH6 (Figure 5A). The 
enhancement factors, obtained from the ratios of slopes in the 
titration curves of Figure 5, were 5.95, 1.90, and 1.18 for the 
adenine Hs, H4,, and H2, respectively, and were 3.25,2.04, and 
1.22 for the thymidine H4,, H3,, and H6, respectively. Dis- 
placement of dTdA from its ternary enzyme complex by the 
competitive inhibitor 3',5'-pdTp abolished the paramagnetic 
effects on TH3,, TH4,, AH4,, and AH8 and significantly de- 
creased the paramagnetic effects on the TH6 and AH, proton 
resonances (Figure 5). The concentration of 3',5'-pdTp (247 
f 10 pM) that gave half-maximal displacement of dTdA was 
comparable to that predicted (267 f 30 pM) on the basis of 
all of the equilibrium constants for the respective ternary Co2+ 
complexes of dTdA (Table I) and 3',5'-pdTp (Mildvan & 
Serpersu, 1989). With TH6 and AH, the residual outer sphere 
contributions to the relaxation rates were thus determined and 
used to correct the relaxation rates for the distance calcula- 
tions. 

( B )  Phosphorus NMR Studies. The proton-decoupled 31P 
NMR spectrum of dTdA obtained at 101.25 MHz consists 
of a resonance 0.3 ppm downfield from H3PO4 as an external 
reference (Figure 4A,B inset). Titration with CoCl, in the 
absence (not shown) and presence of enzyme gave an en- 
hancement factor of 3.2 for the paramagnetic effect of Co2+ 
on the l/T1 of the phosphorus resonance and an enhancement 
factor of 4.0 on 1/T, (Figure 6). As in the proton NMR 
studies, all Co2+ titrations were followed by the displacement 
of dTdA by the inhibitor 3',5'-pdTp, which revealed no residual 
outer sphere contributions to the relaxation rates of phos- 
phorus. The concentration of 3',5'-pdTp (60 f 10 pM) that 
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FIGURE 6: Paramagnetic effects of Co2+ on 1 / T I  (0) and 1 / T 2  (A) 
of the phosphorus resonance of dTdA at 101 MHz. The solution 
contained 0.607 mM wild-type staphylococcal nuclease, 4.66 mM 
dTdA, 30 mM NaCI, 20% 2H20  for field/frequency locking, and 10 
mM TES-Na+, pH 7.4, T = 25 OC. Displacement of dTdA from 
the enzyme was with 3’,5’-pdTp titrated to a final concentration of 
0.611 mM. 

gave half-maximal displacement of dTdA from the ternary 
enzyme-Co2+-dTdA complex, as measured by the decrease 
in 1/T2 (Figure 6), was comparable to that predicted (40 f 
20 pM) on the basis of all of the equilibrium constants for the 
respective ternary Co2+ complexes of dTdA (Table I) and 
3’,5’-pdTp (Mildvan & Serpersu, 1989). 

Cobalt to Phosphorus and Cobalt to Proton Distances in 
the Ternary Enzyme-Co2+-dTdA Complex. The concentra- 
tions of Co2+ in the binary Co2+-dTdA and ternary en- 
zyme-Co2+-dTdA complexes were calculated from the six 
dissociation constants (Table II), permitting an evaluation of 
the normalized relaxation rates ( l/fTIP)wrr and ( 1  /fT2P)corr 
for the protons and phosphorus in each ternary complex (see 
Methods). The (1 /fT2P)oorr value for phosphorus (4.8 X lo4 
s-I, Table 11) sets a lower limit to the rate constant for dis- 
sociation of dTdA from the ternary complex. From this value 
and from K 3  (Table I), a lower limit of 1.4 X lo6 M-I s-I for 
the rate constant for binding of dTdA is obtained. These 
values, which are several orders of magnitude greater than all 
of the values of ( l/fTIP)wrr, establish the latter to be in the 
fast-exchange limit (Mildvan & Engle, 1972; Mildvan & 
Gupta, 1978). Thus, the values of (l/fTlp)mrr are the para- 
magnetic effects of Co2+ on dTdA in the ternary complex and 
are therefore suitable for distance calculations. The remaining 
parameter required for distance calculations, the correlation 
time (T~), was determined from the frequency dependence of 
(l/fTlp)wm of the AHs proton at 250 and 600 MHz (Mildvan 
& Engle, 1972; Serpersu et al., 1988) (Figure 5B). From the 
experimental ratiofTlp(600 MHz)/fTlp(250 MHz) of 1.415 
f 0.020, a correlation time T, of 1.64 f 0.06 ps was calculated, 
assuming T~ to be independent of frequency over this range. 
The alternative assumption, that T~ showed a maximal fre- 
quency dependence over this range, was inconsistent with the 
measured frlP ratio. This correlation time, which represents 
the longitudinal electron spin relaxation time of Cd+,  was used 
to calculate all of the distances. In cases where enhancements 
were not detected, lower limit distances were calculated from 
an analysis of the error levels of the titration (1 /fTIP)wrr and 
of the outer sphere contribution (l/Tlm). 

The Co2+ to phosphorus distance (4.1 f 0.9 A) lies between 
that expected for direct phosphate coordination (3.31 f 0.02 
A) and a second sphere complex with an intervening water 
ligand (4.75 f 0.02 A) (Serpersu et al., 1989). The mean 
value of 4.1 A is consistent with either a distorted inner sphere 
phosphoryl complex or the rapid averaging of 18% inner sphere 
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and 82% second sphere coordination. This long metal to 
phosphorus distance may explain the reduced catalytic activity 
of staphylococcal nuclease with small substrates (Tucker et 
al., 1978). 

With seven measured distances from Co2+ to dTdA ranging 
from 4.1 to 8.9 A (Table 11) and nine lower limit distances, 
four stick models, all with extended conformations, could be 
constructed, two with the Co2+ ion above the bridging phos- 
phorus and two with the Co2+ ion below the phosphorus. 

In these four structures, significant differences were noted 
in the glycosidic torsional angles of dTdA in both the purine 
and pyrimidine nucleotides. Since glycosidic torsional angles 
are well determined by measurements of interproton distances 
by the nuclear Overhauser effect (Rosevear & Mildvan, 1989), 
ambiguities in the conformation of enzyme-bound dTdA were 
resolved by this method. 

Intramolecular Nuclear Overhauser Effects on Enzyme- 
Bound dTdA. The stable ternary enzyme-La3+4TdA com- 
plex was studied because La3+ is diamagnetic, occupies the 
Ca2+ site, and does not activate hydrolysis. Parts A and B of 
Figure 7 show selected portions of a phase-sensitive NOESY 
spectrum of enzyme, La3+, and dTdA at 600 MHz with a 
mixing time of 50 ms. Typical slices from this NOESY ex- 
periment are also displayed (Figure 7C,D) to show the quality 
of the data. In the first case (Figure 7C), the AH8 proton 
resonance of enzyme-bound dTdA is on the diagonal, giving 
rise to the negative NOEs  displayed, while in the second case 
(Figure 7D), the TH6 proton of enzyme-bound dTdA is on the 
diagonaL2 The negative intramolecular N O E S  of dTdA 
establish these to come from the enzyme-bound substrate. In 
the absence of enzyme, the NOESY experiments give only 
positive NOE‘s (not shown), as is generally observed for small 
molecules (Rosevear et al., 1983). This point was independ- 
ently confirmed in displacement experiments with 3’,5’-pdTp, 
which eliminated the negative NOE’s of dTdA. Negative 
NOE‘s from enzyme-bound 3’,5’-pdTp then appeared. How- 
ever, at the conditions used to observe the negative NOE’s 
resulting from bound 3’,5’-pdTp, positive NOE’s from free 
dTdA cannot be observed, as previously found for mono- 
nucleotides (Ferrin & Mildvan, 1985). 

To accurately determine interproton distances, NOESY 
spectra were collected at three mixing times (50, 100, and 200 
ms) to obtain NOE buildup curves, which were analyzed by 
two independent methods (Table 111). In the first method, 
the initial slope of the NOE buildup was compared to that of 
a standard NOE between protons at a known distance, Le., 
HI ,  - H2,, at 2.37 A. Distances were calculated with use of 
the relationship r = 2.37/(a,,/aH*.,H2,,)”6 where U H ~ < , H ~ ”  and 
ax, are the initial slopes calculated from a least-squares fit 
of the lines through the NOE buildup of the standard and 
NOE of interest, respectively (Table 111). In cases where there 
is significant deviation from the initial slope at 200 ms (TH6 - TH2,, AH8 - AH2,, HI,  - Hzt,), only the 50-ms and 
100-ms points were used as previously suggested (Wuthrich, 
1986; Baleja et al., 1990). 

In the second method (Table 111), a distance is calculated 
at each mixing time (50, 100, or 200 ms) relative to a standard 

where IH1‘,H2” and I,, are the intensities of the standard and 
NOE of interest, respectively, at the same mixing time. The 
calculated distances were plotted versus mixing time and ex- 

(HI, to H y  = 2.37 A) with Use Of r = 2.37/(1,,,/1~,.~*,,)~/~ 

In addition to the intramolecular NOEs in enzyme-bound dTdA, 
intramolecular enzyme to enzyme NOEs, and intermolecular enzyme to 
dTdA NOES were observed. These will be discussed in a future publi- 
cation. 
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Table HI: Interproton Distances Calculated from NOESY Data of dTdA in the Ternary Enzyme-La3+-dTdA Complex of Staphylococcal 
Nuclease 

distances from optimal 
method 1 method 2 slice area integration' 

distances from volume integrationb 

proton pair B - A" (initial slope)c ( r  vs mixing time)bd average average 
THI. + THq 3.03 f 0.17 3.18 f 0.33 3.11 f 0.37 2.96 f 0.32 

2.37 f 0.16 2.37 f 0 .16  2.37 f 0.16 2.37 f 0 . 1 6  
2.80 f 0.06 
3.33 f 0.23 
2.37 f 0.16 
2.85 f 0.198 
2.91 f 0.38 
4.32 f 0.40 
3.31 f 0.33 
2.91 f 0.17h 
2.10 f 0.23 
3.07 f 0.19 
3.37 f 0.33 
3.43 f 0.24 
2.54 f 0.12 
3.40 f 0.24 
3.60 f 0.72 

3.05 f 0.10 
3.18 0.10 
2.37 f 0.16 
2.95 f 0.198 
2.88 f 0.28 
4.05 f 0.58 
3.11 f 0.44 
2.87 f 0.08* 
2.09 f 0.13 
3.28 f 0.40 
3.51 f 0.21 
3.47 f 0.19 
2.66 f 0.1 1 
3.88 f 0.19 
4.15 f 0.55 

2.93 f 0.12 
3.26 f 0.28 
2.37 f 0.16 
2.90 f 0.278 
2.90 f 0.47 
4.19 f 0.73 
3.21 f 0.55 
2.89 f 0.19h 
2.09 f 0.26 
3.18 f 0.45 
3.44 f 0.39 
3.45 f 0.31 
2.60 f 0.16 
3.64 f 0.31 
3.88 f 0.91 

2.90 f 0.13 
3.17 f 0.21 
2.37 f 0.16 
2.92 f 0.258 
2.94 f 0.26 
3.67 f 0.39 
3.31 f 0.47 
2.94 f 0.1 I h  
2.28 f 0.12 
3.04 f 0.31 
3.40 f 0.17 
3.50 f 0.16 
2.61 f 0.14 
3.52 0.30 
3.11 f 0.20 

"B --c A represents an NOE occurring between the protons A and B as measured in both columns and rows of a two-dimensional NOESY. 
bDistances calculated for each single mixing time were based on volume integration of the NOESY cross-peaks, assuming a distance of 2.37 A from 
HI, to H2,, as a standard, using the formula 

where I is the average integrated volume of the NOE at the mixing time of interest. For H5,HStt and for TCH3 peaks 1/2 and I /3  were utilized, 
respectively, to solve for rBeA. The standard values IHI'-.H2" utilized were 12%, = 12.19; Il%a = 7.79; and 150m = 5.49. CDistances calculated with 
use of the initial slope method were based on the formula 

where u is the slope. resulting from a plot of integration volume of the NOESY cross-peaks vs mixing time. The standard buildup rate value SHI-H2" 
was 91.5 volume integral units/s. In cases where leveling occurred between 100 and 200 ms, the slope was taken from 0 to 100 ms (AH8 - AH2,, 
TH, - TH+, and the standard HI, - H2"). dDistances, rbA, calculated at each mixing time 50, 100, and 200 ms were plotted vs mixing time and 
extrapolated to zero mixing time to correct for spin diffusion as previously described (Baleja et al., 1990). At the lowest mixing time, 50 ms, two 
experimental distances were utilized. ' For each proton pair, the area of optimal slices was taken from two-dimensional NOESY experiments at 50, 
100, and 200 ms, respectively. Distances were determined by utilizing the same methods of analysis as those used for the volume integrated data, and 
only the final average of the two methods is shown. /Assumed as internal standards. #Expected value was 2.9 f 0.2 A (Rosevear et al., 1983). 
These results provide an internal check on the measured interproton distances. hExpected value was 2.9 f 0.1 A. These results provide an additional 
internal check on the measured interproton distances. 

Table IV: Interproton Distances Calculated from NOESY Data of dTdA in the Binary Enzyme-dTdA Complex of Staphylococcal Nuclease 
distances from volume integrationb distances from optimal 

method 1 method 2 slice area integrationb 
proton pair B - A" (initial slope)b ( r  vs mixing time)b average average 

14.2c 
2.37 f 0.10" 
3.00 f 0.3ff 

2.37 f 0.10" 
2.75 f 0.27' 
3.05 f 0.31 
3.20 f 0.56 

24.2c 

>4.2c 
3.08 f 0.27f 
2.10 f 0.30 
3.12 f 0.38 
3.25 f 0.42 
3.67 f 0.20 
2.38 f 0.24 
3.38 f 0.46 

L4.2c 

24.2c 
2.37 f 0.10" 
3.00 f 0.3W 

2.37 f 0.10" 
3.06 f 0.2V 
3.35 f 0.41 
3.52 f 0.20 

L4.2c 

>-4.2c 
2.95 f 0 . 1 9  
2.30 f 0.45 
3.52 f 0.42 
3.51 f 0.30 
4.00 f 0.50 
2.37 f 0.10 
3.95 f 0.50 

24.2c 

24.2c 
2.37 f 0.10" 
3.00 f 0.42' 

2.37 f 0.10" 
2.91 f 0.40' 
3.20 f 0.51 
3.36 f 0.59 

24.2c 

24.2c 
3.02 f 0.31f 
2.20 f 0.54 
3.22 f 0.57 
3.38 f 0.52 
3.84 f 0.54 
2.37 f 0.26 
3.67 f 0.68 

24.2c 

24.2c 
2.37 f 0.10" 
2.91 f 0.07' 

2.37 f 0.10" 
2.80 f 0.1V 
2.93 f 0.30 
2.91 f 0.41 

2.96 f 0.23f 
2.28 f 0.21 
2.88 f 0.32 
3.22 f 0.30 
3.49 f 0.17 
2.45 f 0.24 
3.84 f 0.36 

L4.2c 

>4.2c 

24.2c 
"B - A represents an NOE occurring between the protons A and B as measured in both columns and rows of a two-dimensional NOESY. 

bDistances were calculated as described in Table 111. CLower limit distances were based on the integration of the noise of a 1-D slice or 2-D NOE 
experiment. dAssumed as internal standards. 'Expected value was 2.9 f 0.2 A (Rosevear et al., 1983). These results provide an internal check on 
the measured interproton distances. /Expected value was 2.9 f 0.1 A. These results provide an additional internal check on the measured interproton 
distances. 

trapolated to a distance at zero mixing time, thereby correcting E-dTdA complexes (Tables 111 and IV), it is evident that 
for spin diffusion (Baleja et al., 1990). When the two methods mutually consistent distances are obtained by both methods. 
are compared for both the ternary E-La3+-dTdA and binary For the distance extrapolation method, it is most important 
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FIGURE 7: Two-dimensional nuclear Overhauser effect (NOESY) spectra a t  600 MHz of the enzyme-La3+4TdA ternary complex of wild-type 
staphylococcal nuclease. (A) The upfield/downfield and (B) downfield regions of a 50-ms two-dimensional NOESY spectrum of the en- 
zyme-La3+-dTdA ternary complex of staphylococcal nuclease. The sample contained 4.80 mM wild-type staphylococcal nuclease, 4.15 mM 
LaC13, 8.95 mM dTdA, 35 mM NaCI, 0.05 mM EGTA, and 2.2 mM deuterated Tris-DCI, pD 7.4, in a total of 0.544 mL, 27 "C. Representative 
slices in the FI dimension are displayed of the N O E S  arising from the (C) AH8 p:oton (8.3 ppm) and the (D) THs proton (7.2 ppm) of dTdA 
to more clearly show the magnitude of the N O E  intensities and the signal to noise ratio arising from the data collected. The peaks labeled 
E are NOE's from protons of the enzyme (see footnote 2). 

to repeat the lower mixing time points to obtain reliable results 
since these data, which are critical for the extrapolation to zero 
mixing time, have the lowest signal to noise ratio. When 
distances from volume integration are compared to those from 
area integration, only the largest calculated distances (TH6 - TH,HStt), resulting from the smallest NOE, deviate sig- 
nificantly. Thus, volume integration is useful for obtaining 
accurate values for long distances. On comparing Tables 111 
and IV, it is seen that the presence of the metal ion has sig- 

nificantly altered 4 of the 17 interproton distances, indicating 
different substrate conformations in the binary enzyme-dTdA 
and ternary enzyme-metal-dTdA complexes. 

Conformation of Enzyme-Bound dTdA in the Presence of 
Metal Zon. The substrate conformation in the ternary E-M-S 
complex is described first since it is the one better determined. 
Using the 7 measured and 9 lower limit Co*+-nucleus distances 
(Table 11) together with the 17 measured (Table 111) and 108 
lower limit interproton distances (between which NOE's were 
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B 

D 

FIGURE 8: Computed conformations of enzyme-bound dTdA in the presence of metal ion based on the experimental distances of Tables I1 
and 111. (A) Best-fit conformation shown as stereo pair. (B) Comparison of the two most different acceptable conformations as stereo pairs 
showing the range of solutions. In (B), the root mean square difference between the two limiting structures is 1.08 A. 

not observed), a structural model of enzyme-bound dTdA, a 
molecule with 64 atoms, was computed. The computation was 
performed with use of the distance geometry method, D-Space, 
which takes into account the experimental distances and their 
errors as well as the van der Waals radii of the atoms of dTdA. 
Forty conformational searches, each starting from randomized 
coordinates, led to four structures that satisfied the experi- 
mental distances with a total deviation 50.64 A and showed 
a total van der Waals overlap 10.55 A. These four structures 

were found to be very similar. Figure 8A shows the structure 
that best fits the data, deviating by 0.42 A from the measured 
distances and a by total van der Waals overlap of 0.51 A. 
Figure 8B superimposes the two most different acceptable 
structures, illustrating the uniqueness of the solution. The 
structures in parts A and B of Figure 8 are consistent with 
one of the four models on the basis of distances to Co2+ alone. 
The conformational angles and their ranges for dTdA bound 
to staphylococcal nuclease in the presence of metal ions (Figure 
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Table V: Comparison of Dihedral Angles in Degrees of dTdA in the Enzyme-Metal-dTdA and Enzyme-dTdA Complexes of Staphylococcal 
Nuclease to A-, 9-, and Z-DNA 
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torsional 
angle” A-DNA 9-DNA 
a I97 f 12 316 f 3 
@ 179 f 6 varb 

6 85 f 12 120f 38 
c 204f 10 191 f 36 

r 287 f 5 127 f 31 

X 25 f 14 67 f 22 

Y 5 3 f  11 37f 1 

E-M-dTd A‘ 
Z-DNA 

pyrimi- 
purines dines dT dA 
70 f 22 varb 235 (193-235) 
198 f 23 193 f 28 182 (172-186) 
176 f 19 57 f 4 53 (33-53) 162 (157-170) 
113 f 37 143 f 5 144 (130-144) 143 (142-143) 
218 f 38 266 f 9 198 (198-205) 

varb varb 83 (67-83) 

250 f 19 17 f 17 64 (64-73) 68 (66-68) 

E-dTdAd 
dT dA 

183 (132-190) 
86 (85-87, 128-177) 

124 (120-132) 116 (116-143, 236-267) 
125 (108-141) 151 (151-162) 
67 (67, 199-209, 
275-276) 

206 (119-140, 
156-196, 206-244) 

61 (57-76) 90 (84-1 12) 
“Definition and values of torsional angles for A-, B-, and Z-DNA have been given previously (Saenger, 1983; Sunderalingam, 1973; Dickerson et 

al., 1982). Torsional angles are defined as follows: a, O{-P-O{-C5’; @, P-O{-C{-Cl; 7 ,  O{-C{-Cl-C3’; 6, C{-C(-C{-O{; c, C,‘-C3’-O{-P j-, 
C3)-03’-P-O{(n+,); xdT, 04/-CI’-NI-C6; xdA, 0(-CI’-NI’-C8. In these cases the angles were variable in the several DNA samples measured (Saenger, 
1983). ‘The angles reported were derived from the best acceptable structure with the lowest mean deviations from experimentally measured distances 
(0.3 A). The errors reported include the range of measured angles in the four best structures with mean deviations I 0.5 A. dThe angles reported 
were from the best acceptable structure with the lowest mean deviations from experimentally measured distances (0.2 A). The errors reported 
include the entire range of measured angles in the 11 best structures with mean deviations I 0.3 A. 

8) are summarized in Table V and compared with those for 
standard DNA conformations. The glycosidic torsional angles 
are high-anti for both the thymidine (64’ I x I 73’) and 
deoxyadenosine nucleosides (66O I x I 68O). The C5,-C4,- 
C3,-03, exocyclic torsional angle, 6, provides a quantitative 
description of the sugar pucker (Levitt & Warshal, 1978; 
Dickerson et al., 1982). The 6 value of 130-144’ for thymidine 
and the values of 142-143’ for deoxyadenosine (Table V) 
indicate that the sugar is predominantly C-2’-endo for both 
residues. While the individual nucleotides of dTdA resemble 
those of B-DNA when x and 6 are considered (Table V), the 
torsional angles a and y of dA and { of dT, as well as the 
absence of any base stacking (Figure 8), argue against a 
B-DNA conformation. Similarly, A- and Z-conformations for 
enzyme-bound dTdA are easily ruled out. The highly extended 
structure for the enzyme-bound dTdA in the ternary E-M-S 
complex is consistent with the preference of staphylococcal 
nuclease for single-stranded DNA as a substrate (Cuatrecasas 
et al., 1967a). 

Conformation of Enzyme-Bound dTdA in the Absence of 
Metal lon. In forming the active ternary E-Ca2+-DNA 
complex of staphylococcal nuclease two kinetic pathways are 
operative: one in which the metal binds first and the other 
in which the DNA binds first (Serpersu et al., 1986; Mildvan 
& Serpersu, 1989). Hence, the binary enzyme-dTdA complex 
is on the kinetic pathway leading to the active ternary complex. 
The conformation of dTdA in the binary enzyme-dTdA 
complex was studied by the NOESY method as described 
above for the ternary complex, and the resulting distances are 
summarized in Table IV. 

Seventy computer searches of the conformation of dTdA 
in the binary enzyme-substrate complex, based on 13 mea- 
sured (Table IV)  and 112 lower limit interproton distances, 
led to 11 acceptable structures with total deviations I 0.05 
A from the experimental data and with total van der Waals 
overlap of 50.1 1 A. Figure 9A shows the structure that best 
fits the data, deviating by 0.03 A from the measured distances, 
with a total van der Waals overlap of 0.05 A. Figure 9B shows 
the two most different acceptable structures, and Table V 
summarizes the conformational angles and their ranges. In 
the acceptable structures, the conformational angles x and 6 
are well determined, leading to a high-anti-0-1’-endo, C-2’- 
endo conformation for dT, and a high-anti-C-4‘-endo, C-3’-exo 
conformation for dA. However, most of the conformational 
angles around the phosphorus are not well defined by the 
interproton distances alone (Figure 9B, Table V). Thus, the 

angles and {for dT show three alternative ranges of values, 
and the angles 0 and y for dA show two alternative ranges 
(Table V). These uncertainties are expected since, in an 
unstacked DNA structure, no NOE’s between the nucleotides 
were measurable and no metal to proton or metal to phos- 
phorus distances were available to better define the phos- 
phodiester region of dTdA. Despite these uncertainties, a 
significant difference exists in the structure of dTdA in the 
binary enzyme-dTdA complex from that in the ternary en- 
zyme-metal-dTdA complex. This difference is indicated by 
the greater distances from THIt  to TH4,, TH, to TH2., AHIt  
to AH4,, and AH8 to AH, in the absence of metal (Tables I11 
and IV) and by significantly different values of the confor- 
mational angles y and { for dT and a, y, 6, and x for dA 
(Table V). Metal-induced differences in the angles f and a, 
which are on either side of the phosphorus, are reasonable since 
the metal coordinates an oxygen of the phosphodiester group 
(Table 11). Metal-induced differences in the angles y, 6, and 
x for the leaving group dA are of interest, suggesting that the 
formation of the ternary E-M-S complex distorts the leaving 
group. These metal-induced effects may contribute to cata- 
lysis. 

The use of Co2+ and La3+ as paramagnetic and diamagnetic 
metal ions, respectively, to determine the structure of the 
enzyme-bound substrate might be criticized since these metal 
ions do not activate the enzyme. However, these metal ions 
bind competitively at  the Ca2+ site (Figure 3, Table I), and 
the dissociation constants of the enzyme-Co2+ and enzyme- 
Co2+-dTdA complexes are very similar to those of Ca2+ (Table 
I), suggesting similar active site structures. While the disso- 
ciation constants of the La3+ complexes are lower than those 
of Ca2+, probably due to the higher charge of La3+, the 
structure of the enzyme-La3+-pdTp complex is very similar 
to that of the enzyme-Ca2+-pdTp complex as found in pre- 
liminary phase-sensitive NOESY spectra of the La3+ complex. 
The chemical shifts of the upfield methyl resonances and of 
all of the proton resonances of the aromatic residues of the 
enzyme-La3+-pdTp complex show little or no differences 
(10.06 ppm) from those of the corresponding Ca2+ complex 
(Torchia et al., 1989; Wang et al., 1990). The inability of Co2+ 
or La3+ to activate staphylococcal nuclease may be due to the 
smaller ionic radius of Co2+ (0.72 A) as compared to Ca2+ 
(0.99 A) and the additional positive charge of La3+. 

CONCLUSIONS 
As previously found with dinucleotides and with other small 
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FIGURE 9: Computed conformations of enzyme bound dTdA in the absence of metal ions based on the experimental distances of Table IV. 
(A) Best-fit conformation shown as stereo pair. (B) The two most different acceptable conformations showing the range of solutions. In (B), 
the root mean square difference between the two limiting structures is 3.26 A. 

substrates, dTdA is a slow substrate of staphylococcal nuclease 
with a k,, (2.5 X 104)-fold lower than that of single-stranded 
DNA. Paramagnetic effects of Co2+ on the relaxation rates 
of phosphorus and protons of dTdA establish rapid binding 
to and dissociation of the substrate from the ternary E- 
CoZ+-dTdA complex and yield 7 metal-nucleus and 9 lower 
limit metal-nucleus distances. The long Co2+ to phosphorus 
distance of 4.1 f 0.9 A, which is consistent with either a 
distorted inner sphere phosphoryl complex or the rapid av- 
eraging of 18% inner sphere and 82% second sphere coordi- 
nation, may explain the reduced catalytic activity with di- 
nucleotide substrates. 

The distances from Coz+ alone were insufficient to uniquely 
define the conformation of enzyme-bound dTdA, as were 18 
interproton distances and 108 lower limit interproton distances 
alone, as determined by time-dependent NOESY spectra. The 
combination of both sets of distances, however, yielded a very 
narrow range of conformations for dTdA in the ternary en- 
zyme-metal-dTdA complex. Although the individual nu- 
cleosides of bound dTdA showed high-anti glycosidic torsional 
angles and C-2’-endo deoxyribose puckers as are found in 
B-DNA, the overall structure was highly extended with no base 
stacking, ruling out the B-, A-, or Z-conformations. This 
finding provides a structural explanation of the preference of 



Conformation of dTdA on Staphylococcal Nuclease 

the enzyme for single-stranded DNA as substrate. 
The binary enzyme-dTdA complex is on one of the two 

kinetic pathways leading to the active ternary E-M-S complex. 
The conformation of dTdA in the binary complex, while not 
uniquely determined by interproton distances, differs signif- 
icantly from that found in the ternary enzyme-metal-dTdA 
complex. A comparison of the conformations of dTdA in the 
binary and ternary complexes indicates that the metal induces 
changes in conformation both at the attacked phosphorus and 
at the deoxyadenosyl leaving group of the enzyme-bound 
substrate. Both of these effects may contribute to catalysis. 
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